Transmission electron microscopy (TEM) was performed on cross-sectional samples from tapered roller bearing cone raceways. The bearings were tested in mineral oil with and without sulfur-and phosphorus-containing gear oil additives. Focused ion beam techniques were used for TEM specimen preparation. Imaging, electron diffraction, and x-ray energy dispersive spectroscopy revealed the structure and composition of near surface material (depth < 500 nm) and surface layers.
INTRODUCTION
Steel tapered roller bearings are used widely in power transmission equipment with sulfur-and phosphoruscontaining gear oil lubricants. An improved understanding of the interaction between gear oil additives and rolling element bearing contact surfaces is desired to better diagnose and minimize bearing wear.
The near surface material (depth < 500 nm) in a tribological contact directly influences lubrication, additive film formation, and wear. Transmission electron microscopy (TEM) can be used to analyze the structure and composition of near-surface material in steel tribological components due to new focused ion beam (FIB) specimen preparation techniques.
EXPERIMENTAL
Tapered roller bearings with nominal dimensions of 82.55 mm outer diameter, 41.28 mm bore, and 25.65 mm overall bearing width were evaluated on a four bearing test rig. Sets of four bearings were tested continuously for seven days at 1800 rpm with 33.3 kN radial load per bearing (~2.2 GPa cone-roller maximum contact pressure). The lubricant film thickness was controlled by the inlet oil temperature of 60°C, resulting in a dimensionless film thickness parameter Λ ~ 1.1. The lubricants were SAE 20 paraffinic mineral oil base stock, with and without a fully formulated S-P additive package used in gear oils.
Cross-sectional cone surface specimens for TEM analysis were prepared by FIB milling with a 30 kV beam of Ga+ ions. TEM was performed with a Hitachi HF-2000 using a 200 kV electron beam. Additional experimental and analytical details can be found in references 1 and 2.
RESULTS
A cross-sectional image from an untested cone raceway surface is shown in Fig. 1 . A tungsten film was deposited on each sample surface for protection during FIB processing. The horizontal direction in the image corresponds to the circumferential direction with respect to the cone geometry. The near-surface grain size was ~20 nm, and electron diffraction revealed that the grains were mostly ferrite (bcc iron).
The subsurface grain morphology for the cone tested in mineral oil with no additives was similar to the untested cone. Fig. 2 shows that a partially crystalline surface layer was present on the sample. It appears brighter in the images because it is less dense and/or does not exhibit as much diffraction contrast as neighboring material. Electron diffraction revealed that the surface layer consisted mostly of magnetite (Fe 3 O 4 ) and ferrite.
At the Λ ~ 1.1 lubrication conditions, the near-surface microstructure from the cone tested in mineral oil with S-P additives was indistinguishable from that tested without additives. The primary difference was the nature of the surface layer. It was 20-50 nm in thickness, adherent, mostly amorphous, and continuous across the cone raceway surface. Overall, the interface between the antiwear surface layer and near-surface material appeared to be abrupt and non-diffuse. The two electron diffraction patterns inset in Fig. 3 indicate the presence of crystalline wustite (FeO) and mixed iron oxides. X-ray energy dispersive spectroscopy of the surface layer indicated signficant amounts of P, O, and Fe. No P or O was detected in the near-surface or subsurface material. No significant amounts of S, C, or Ca were detected in the surface layer.
These results coupled with x-ray photoelectron spectroscopy analysis suggest a primarily phosphate-type antiwear surface layer containing Fe and mixed Fe x O y . These new analytical technques are expected to be an increasingly valuable tool in future materials tribology research. 
